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The Liatalus Factor C (PC), a multidoniain glycopre-
tein that binds bacterial endotoxin with high affinity, 
belongs to the Bernie protease family of the complement 
and blood coagulation cascade. Here, we provide coma 
palling evidence for the importance of modular arrange-
ment and relevance of the proline-rich region (FRIO and 
Iii-glycosylatiart to the secretion and function of FC. We 
propose that PER could he a universal conformational 
domain that regulates protein folding and targeting. 
FCs lacking PER preceding the serine protease domain, 
were localised intracelluitoly. Misfolded conformers of 
the intracellular FCs were more susceptible to trypsin 
digeation. Glycosyiation inhibition atudies indicate that 
the presence but not the easisst structure of the N-glycans 
affects the secretion of PC, although the complexity oaf 
glyeesylation may influence its eridoto ix'n-baduced pro-
teolytic cleavage with resultant. enayfriatic activity. Dis-
ruption of specific N-glyes.ss sites at positions 740, 767, 
and 912, downstream of the PR R, at or near the *nine 
protease domain, blocks its secretion. Co-expressed mo-
lecolar chaperones like canine calnexiss associates with 
glysios-ylateii PCs to increase its solubility and secretion 
level bat did not alter their expression profiles. Our 
results clearly dentonatrate that the folding and secre-
tion of a analtidentairi aerine protease like PC are deter-
mined by its modular domain arrangement and site-
specific N-glyeans. The secreted PCs containing the 
N-terminal portion of FC are able to detect lipepolysae-
charide with high sensitivity. We also identified the lee-
tin-like and sushi 4 domains to cords-finite to the binding 
of lipopolysaccharide. 

The availability of engineered serine proteases allows the 
study of their activation, substrate specificity, and regulation of 
various physiologica€ processes, As the initiator of the coagu-
lotion cascade of limulue amoebocyte lysate (LAL),1 Factor C 
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(FC) is a multirlomain serine protease, which is activated by 
trace amount of its ligand, endotoxin (lipopolysaccharidet LPS) 
(1). LAI, is widely employed to detect the presence of LPS in 
various industrial and clinical products (2). Analysis of the 
amino acid sequence indicates that PC is a complex modular 
protein, comprising 1.1 domains (see Ref. 3 and. Fig. /A). Many 
earlier attempts to express PC in heterologous hosts have faced 
limited success (4-7). The native signal peptide of SC directs 
this molecule to intracellular large granules of the liraulus 
anutebocytes, and it is unable to secrete the protein out of 
lieterologous expression hosts. Instead, it may serve as a mem-
bnme anchor and invariably result in membrane-bound racoon-

bin€ant protein. Thus, an alternative signal peptide is needed to 
obtain secreted PC for investigation of its domain-function 
relationship. Using a cross-host secretory signal (8), which 
leads to the secretion of various recombinant proteins in both 
prokaryotic and eukaryotic systems, we have recently produced 
full-length and biologically functional domains of PC that binds 
LPS (2, 10). 

The LPS binding and enzymatic activity of Factor C are 
functionally distinct and are localized in the N-terminal sushi 
(ES) and C-terminal serine protease domains (SF), respectively 
(10, 11). However, the importance of intardomain interactions 
for expression and biological activity of PC is hitherto un-
known. Of particular interest is the proline-rich region (PR R) oaf 
the PC protein. Proline residues contribute significantly to the 
conformation and rigidity of the protein structure, and PRE 
serves as a molecular hinge in a number of proteins (12-14), 
affecting protein-protein interaction end proteinaligand bind-
ing. In this study, we focus on the potential involvement of Phil, 
in PC secretion and function. By systematic design of FC dele-
tion homologues with and without PR% we are able to examine 
their expression profile, post-translational modifications, local-
ization, and LPS binding activity. 

N-Linked &carts play pivotal roles in protein folding, oh-
gumerization, quality control, sorting, and transport (15). 
These sugar chains are extensively involved in protein confor-
mation and function (16). There are six potential N-glyeoeyla-
Lion sites in PC at positions 523, 534, 624, 740, 7117, and 912 
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FL, full-length Factor C; ES, Eco47111-Sell fragment of Factor C cDNA; 
SP, setae protean; PER, prelinerich region; TM, tunicamyein; DMJ, 
o-denxymanuojirimydn; DNJ, a-deoxyr.,olirimayein; 1211, liprilielysac-
charitle; SPR, surface plat:mon resonance; CAL, C. rotondicatisks scam-
bacyte. lysate; 82 FC, full-length Factor C derived from the Drosophila 
reeleriogaster S2 expression system; Sf9-BETS FC, full-length Factor C 
derived from Spadoptera frugiperda, Sf9-baculovirns expression vector 
system; ELISA, enzyme-linked imreamorserbent assay; PBS, phosphate-
buillired saline. 
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The Lima= Factor C (FC), a multidomain glyropro-
tein that binds bacterial endoto is'n with high affinity, 
belongs to the serials, protease family of the complement 
and blood coagulation cascade. Here, we provide com-
pelling evidence for the importance of ..ataar arrange-
ment and relevance of the proline-rich region (PRR) and 
N-glycosyiation to the secretion and function of Fe. We 
propose that PRE could be a universal conformational 
domain that regulates protein folding and targeting. 
Fes lacking P1111 preceding the serine protease domain, 
were localised intracellularly. Misfolded conformers of 
the intracellular PCs were more susceptible to trypsin 
digestion. Gkmosyiatitin inhibition studies indicate that 
the presence but not the exact structure of the N-glyeans 
affects the secretion of FC, although the complexity of 
glyeesylation may influence its endotosin-induced pro-
teolytie cleavage with resultant enzymatic activity. Dis-
ruption of specific N-glymin sites at positions 740, 767, 
and 912, downstream of the PRR, at or near the serine 
protease domain, blocks its secretion. Co-expressed mo-
lecular chaperones like canine calrewits associates with 
glycosylated Fes to increase its solubility and secretion 
level but did not alter their expression profiles. Our 
results clearly demonstrate that the folding and secre-
tion of a multidornain serine protease like Fl) are deter-
mined by its modular domain arrangement and site-
specific N-glyenna. The secreted Fes containing the 
N-terminal portion of PC are able to detect lipopolysac-
charide with high sensitivity. We also identified the lee-
tin-like and sushi 4 domains to contribute to the binding 
of lipopolysaecharide. 

The availability of engineered series proteases allows the 
study of their activation, substrate specificity, and regulation of 
various physiological processes. As the initiator of the coagu-
lation cascade of limulus anwebecyte lysate (LAL),' Factor CI 
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(FC) is a multiclomain serum protease, which is activated by a 
trace amount of its ligtmd, endotoxin (lipopolysaocharide; LPS) 
(1). LAL is widely employed to detect the presence of LI'S in 
various industrial and clinical products (2). Analysis of the 
amino acid sequence indicates that FC is a complex modular 
protein, comprising 11 domains (see Ref. 3 and Fig. IA), Many 
earlier attempts to express FC in heterologuus hosts have faced 
lirtiits s3 sucmes (4-7). The native signal peptide of re directs 
this molecule to intracellular large granules of the limulus 
arnoebocy, tes, and it is unable to secrete the protein out of 
heterologous expression hosts. Instead, it may serve as a main-
brane anchor and invariably result in membrane-bound recom-
binant protein. Thus, an alternative signal peptide is needed to 
obtain secreted FC for investigation of its, domain-function 
relationship. Using a cross-host secretory signal (8), which 
leads to the secretion of various recombinant proteins in both 
prokaryotic and eukaryotic systems, we have recently produced 
full-length and biologically functional domains of FC that binds 
LPS (9, 10). 

The LPS binding and enzymatic activity of Factor C are 
functionally distinct and are localized in the N-terminal sushi 
(ES) and e-te.rininal serine protease domains (SF), respectively 
(10, 11). However, the importance of Mterdoinain interactions 
for expression and biological activity of Ft` is hitherto un-
known. Of particular interest is the proline-rich region (PRR) of 
the FC protein. PrOline residues contribute significantly to the 
conformation and rigidity of the protein structure, and PRE 
serves as a molecular hinge its a number of proteins (12-44), 
affecting protein-protein interaction and protein-ligand bind-
ing. In this study, we focus on the potential involvement of PEE 
in Fe secretion and function. By systematic design of Fe dele-
tion homologues with and without PElt, we are able to examine 
their expression profile, post-translational modifications, local-
ization, and LPS binding activity. 

N-Linked glycans play pivotal roles in protein folding, oli-
goreerization, quality control, sorting, and transport (15). 
These sugar chains are extensively involved in protein confor-
mation and function (16). There are six potential N-glycosyla-
tion sites in Fe at positions 623, 634, 624, 740, 767, and 012 

lysate; FC, Factor. C; canine caisiosin; liCRT, human cairetkuiire; 
FL, full-length Factor C; ES, Eeo47111-Sall fragment of Factor C cDNA; 
SP, serine protease; PER, praline-rich region; TM, tanicamycirr; 
mdeexpeannqiirinayMn; ilAel, u-deorrynciirimycim LI'S, linonolysac-
charide; SPR, surfers plasmon resonance; CAL, C. retundicaudes BMOC-
hozyte lyisste; 52 FC, full-length Factor C derived from the Drosophila 
mcianogester 52 expression system; Sf9-BETS FC, full-length Factor C 
derived from Spode.ptcro fragiperda, B€9-baculovirus expression vector 
system; EMS& enzyme-Braked honismoserbent assay; PBS, phosphate-
buffered saline. 

This paper is avaiishle on line at htipilivetvw4hc.org 36363 

cl
ut

i w
a
g

 p
op

oo
ru

m
ou

 
O

ZO
Z 

`8
Z 

Is
o
a
 

Seikagaku Corporation Exhibit 2015 - Page 1 of 10
Charles River Laboratories, Inc. v. Seikagaku Corporation

IPR2025-00440



36364 Folding and Secretion of a Maitidonsoin Serine Protease 

(Fig. 1) (17). However, the .functions of these glycol-is has not 
been examined. We used glycosylation inhibition and site-di-
rected routagenesis to test the role of N-glycans on expression 
and secretion of FC and to map the most critical N-glycaos. 
Fnrther assessment on the involvement of N-glycans in the 
secretion pathway was performed by co-expression of FO with 
various molecular chaperones, which are proteins that assist in 
the correct noncovalent assembly of other polypeptide-contain-
ing structures (18). 

We report for the first time that expression and secretion of 
such a multidemain serine protease requires the proper mod-
ular arrangement of the various domains, and PER is essentia€ 
for proper folding of the downstream SP domain. in addition, 
we demonstrated the importance of site-specific N-glyeosyla-
tion iaz Fe secretion and provided evidence that N-glycans 
interact with chaperones anti hence manifest their effect on FC
secretion. interestingly, despite having proper protein folding, 
the secreted PC exhibited LPS binding but lacked enzymatic 
activity. This loss of LPS-induced enzymatic activity can be 
attributed to different complexity in glycosylation. 

EXPERTMENTAL PROCEDURES 

Unless otherwise stated, all reagents were of molecular biology 
grade, purchased from Sigma. 

Construction of Expression Plasnaids 

Drosophila expression vector, pAc5.1N5-1-1MA (Invitrogen) was used 
for fusion expression, The native signal peptide sequence of fintlength 
(FL) FC eDNA was replaced by a novel secretion Signal to direct the 
fusion protein out of the Drosophila cells. Seven expression plasmids 
were constructed, with various combinations of FC densains inserted 
downstream of secretory signal and upstream of V5 and His, fusion tag: 
FL, FL( -- PRR), ES-PRR, ES, FR.11,SP, SP, and SP.PRR. Fig. 1 depicts 
the domain structures of these recombinant constructs, Among the 
seven constructs, FL, ES-PRR, and SP-PRB contain PER. The 
remaining three constructs (FL( -PRE), ES, and SF) lack FRIL Only 
ES, which contains the N-terminal US-binding region, lacks both PER 
and ?ti'-glycan sites. Details on cloning strategies and secretory signal 
sequence are available upon request. Canine cabman (eCNX) (19) and 
human calretiradin (LIMIT) (20) CDNArt were subdrined into 
pAc5.1N5-11isA. 

Site-directed inutagenesis of the N-glycan sites of PC was performed 
using the QuikChangerm site-directed inutagenesis kit (Stratagone), 
Mutations were verified by sequencing. 

Transient and Stable Tranefections 

Plasmids were isolated using Ceel-etbidium bromide gradient ultra-
centrifugation. Drosophila 82 cells were maintained at 25 °C in DES' 
medium supplemented with 10% fetal bovine serum (CLONTECID. 
Calcium phosphate-mediatc4 transient transfactien was performed ac-
cording in the manufacturer's recommendation (Irivitrogen.). Far stable 
transfeetion, peoHYGRO selection plasmid was cetransfected with Fac-
tor C expression construct, selected with MO fag ml hygromytin for 4-- 6 
weeks, and adapted to DEf.4" serum-free medium. 

For chaperone co-expression studies, eellfeotin-mediated (invitro-
gen) tranafection was performed with DNA mixture containing 1 µg 
each of PC and chaperone expression construct, Control transfeetions 
were performed with . .FC expression construct and parental pAc6.1/V5- 
Big.' A DNA instead of chaperone expression constructs. 

Partial Tryptie Digestion of FC 

Two al of trypein solution (100 nerd) in 110 roes acetic acid was added 
late 200 rig of Fe in 100 al of 50 mat NI-141itiO„ The digestion was 
carried out at 4 `C. At time intervals, 10 µl of the reaction mixture was 
removed and terminated by 4 al Of the 4X SDS sample buffer. Western 
analysts was performed on the digested samples using polyclonal rabbit 
anti-FC antibody. 

In. Vice Glyeosylation Inhibition and Coale.-Scpharose 
Binding Assay 

Tunicautycin (TM) inhibits N-glycesylation of glycoproteins by block-
ing the first step in Iv-glycan biosynthesis, whereas tedeoxynejiiimycin 
(DNJ) and eedeosymannojirineycin (DMJ) specifically inhibit ei-glesassi-
dase and a-111031105idene activities, respectively, thus blocking the con-

Ver8105i of high mannose oitgosarnharides to complex-type oligosetcha-
rides. 62 cella stably expressing PC were exposed to sublethel doges of 
TM (5 s. gtml), DN,T (5 ram), autiDMJ (2 ram). Proteins from treated cells 
were collected at 24 h. and subjected to affinity Chromatography an 
ConA-Sepharese (Amersham Biosciences). Conditioned medium arm-
tabling 10 pgirel secreted Fe and cell lysate protein containing 1 rigerpl 
cellular Pe were incubated with one-fifth volume of ConA-Sepharese at 
25 "C for 1.5 h. The unbound fraction containing eglycosylated PC was 
recovered by centrifugation at 2000 X g for 6 min. The resin-hound 
era-awls:sell PC was dissociated via boiling for 5 mitt in 3 resin volumes 
of SDS-PA€iR loading boiler. Both fractions were subjected to Western 
analysis. 

linntrartoprecipitation and Analysis of FC and Chaperone 
ASSOCiatiOn 

S2 cells co -tansfected with Fe and chaperone expression plasmids 
were collected on day 5 post-transfeetion and washed twice with 1.0 ml. 
of FM. Cells were resuspended in 51)0 al of 'yids buffer (SAX 1:11,S, 1.0 

phonylmethylaulfonyi fluoride, 1.0 am aprothain), sheared seven 
times through a 27-gauge needle, and centrifuged at 14,000 g for :15 
min. Supernatant containing the cell lysate (I,) proteins was retrieved. 
The peileted membranes (P) we-re solubilised in 500 id of lysis buffer 
containing 1% dietonin for 30 min at 4 '0 with occasional agitation. 
The samples were clarified at 14,000 X g for 15 min to separate aggre-
gates from solubffized proteins, which were used for subsequent 
immunoprecipitation. 

Fifty id of protein A-Sepharose (A.marsbarri Bioaciences) was incu-
bated with 50 A of PBS containing 2 al of anti-V5 antibody for 1 h at 
4 'C. Alter incubation, 100 al of eolubilised protein samples was immu-
noprecipitated at 4 "C overnight on a rotator. The Ramifies were centri-
fueled and washed three times with cold PBS. Forty ail of 61)8-PAGE 
loading buffer wags added to each tube and boiled for 5 rain before 
Western analysis. 

Concentration and Partial Purification of FC 

Culture medium containing secreted FC was collected after Cen-
trifugation of cell culture at 5000 X g for 11) min at 4 *C. Medium was 
concentrated 10-fold by ultrafiltration using a regenerated cellulose 
membrane cassette (Pellicon XL; 30-kDa molecular mass out-off; Mil-
lipore Corp.) at 4*C. Concentrated protein scruple was chromato-
graphed on a Sephadex G-100 (1.5 x 90-cm) column. Fractions con-
taining partially purified PC were pooled and concentrated using 
Centriprep-regenerated cellulose membrane (30-kDa molecular mass 
cut-off; Andean TM). 

ha Vitro Eedoglycosidase Digestion and Glycan Differentiation 

1.0 pg each of partially purified secreted FC from Sf9-BEVS and. 82 
was denatured in 5% :IDS, 10% p-mercaptoethanal for 10 min at 100 °C 
and subjected to endoglycosieleae H and peptideXT-glycaresse F (New 
England Dielabs) digestion at 37'0 far 16 h, followed by Western 
analysis using anti-PC antibody. Control samples were treated in the 
same way except in the absence of enzyme. 

For the glycol:. differentiation assay, ills from LAL, CAL, Sf9-BEES, 
and 82 were purified by protein A-Pe antbdy  affinity chromatogra-
phy. Fifty pl of protein A-Sepharese (Amersham Biosciences) wee in-
cubated. with 51) al of FRS containing 10 al of anti-FC antibody for 1 h 
at 4 °C. 100 rig of FC eampleA were then added to the protein A, 
Sep:cerise complex and incubated at 4 *C overnight on a rotator. The 
samples were centrifuged and washixd three times with PBS, and PC 
was recovered from protein A-Sepbarose by boiling for 10 miss in PBS. 
Lectin binding assay of the num= isiiSnity.puriffed FCs was carried 
out using the DIG glycan differentiation kit (Roche Molecular Bio-
chemicals), according to the manufacturer's instructions. 

Functional Analyses of Fes: Ersdotosin Binding Assay 

The LPS binding potential of various FC proteins were analyzed 
using (a) LPS ELISA-based assay and (h) surface plasm= resonance 
(SFR). 

ELISA-based Assay for LI'S Binding—This assay was performed as 
described by Tars et as. 0.0) with some modifications. Costing of a 
polystirp 96-well plate (NUNC) was achieved by incubation at 27 "C for 
2 h, and blocking was performed overnight at 25 ̀ C.. 10 tag of protein 
sample was added into each wall arid flitilbated for 16 h at 25 *C. Bound 
ns were detected by sequential incubation with primary rabbit an-
ti-FC antibody (1:500 dilution, 3 h at 87 °C) and goat anti-rabbit sec-
ondary antibody (1:2000 dilution) conjugated to horseradish perexidiese 
(Bake). 
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(Fig. 1) (17). However, the .functions of these glyeans has not 
been examined. We used glycosylation inhibition and sits-di-
rected rautagenesis to test the role of N-glycans on expression 
and secretion of FC and to map the most critical N-glycans. 
Further assessment on the involvement of N-glycans in the 
secretion pathway was performed by co-expression of FO with 
various molecular chaperones, which are proteins that assist in 
the correct noncovalent assembly of other polypeptide-contain-
ing structures (18). 

We report for the first time that expression and secretion of 
such a multidomain serina protease requires the proper mod-
ular arrangement of the various domains, and MRis essentia€ 
for proper folding of the downstream SP domain. in addition, 
we demonstrated the importance of site-specific ,sue-glycosyla-
tion far Fe secretion and provided evidence that N-glycans 
interact with chaperones and hence manifest their effect on PC 
secretion. interestingly, despite having proper protein folding, 
the secreted PC exhibited LPS binding but lacked enzymatic 
activity. This loss of LPS-induced enzymatic activity can be 
attributed to different complexity in glycosylation. 

EXPERTMEN'rAL PROCEDURES 
Unless otherwise stated, eli reagents were of molecular biology 

grade, purchased. from. Sigma. 

Construction of Expression Plasrnids 

Drosophila expression vector, pAc5.1N5-11MA (Invitrogen) was used 
for fusion expression, The native signal peptide sequence of fulidength 
(FL) FC 'DNA was replaced by a novel secretion signal to direct the 
fusion protein out of the Drosophila cells. Seven expression plasmids 
were constructed, with various combinations of F(.1 densains inserted 
downstream of secretory signal and upstream of 115 and Ilia, fusion tag: 
FL, FL( -- PER), ES-PRE, ES, PRIiiSP, SP, and SP-PRE. Fig, 1 depicts 
the domain structures of these recombinant minstructir. Among the 
coven constructs, FL, ES-PER, PR1bSP, and SP-PER contain PER. The 
remaining three constructs (FL( --PB.R), ES, and SP) lank PRR, Only 
ES, which contains the N-terminal LPS-binding region, l mike both PER 
and N-glycan sites. Details on cloning strategies and secretory signal 
sequence are available upon request. Canine albumin (cCNX) (19) and 
human calreticedin (hCET) (20) CDNAri were wilxilersed into 

Site-directed inutagenesie of the N-glycau sites of PC was performed 
using the QuikCharigerm site-directed inutsgenesis Jut (Stratagene), 
Mutations were verified by sequencing. 

Transient and Stable Tranefections 

Plasmids were isolated using Csel-ethidium bromide gradient ultra-
centrifugation, Divsaphila 82 cells were maintained at 25 °C in DES' 
medium supplemented with 10% fetal bovine serum (CLONTECID. 
Calcium phosphate-mediated transient trensfection was performed ac-
cording to the manufacturer's recommendation (lssvitrogen). For stable 
transfeetion, pfliiIITGEO selection plasmid was cotransfected with Fac-
tor C expression construct, selected with MO sseml hygnernyena for 4-- 6 
weeks, and adapted to DES  serum-free medium. 

Per chaperone co-expression studies, eellfwitimmediated (invitro-
gen) tranafection was performed with DNA mixture containing 1µg 
each of PC and chaperone expression construct. Conned tranafeetions 
ware perfumed with. . e expression construct and parental pAc6.1N5-

A DNA instead of chaperone expression constructs. 

Partial Tryptie Digestion of .PC 

Two pl of trypein solution (100 rig/O in 60 Son acetic acid was added 
into 200 µg of PC in 100 pl of 50 rues NI-LHCO„ The digestion was 
carried out at 4 'C. At time intervals, 10 µl of the reaction mixture was 
removed and terminated by 4 Id ufthe 4X SDS sample buffer. Weetern 
analysis was performed on the digested samples using polyclonal rabbit 
anti-Fe antibody. 

Vioo Glyeosylation Inhibition and Conde.-Sepharose 
Binding Assay 

Tunicansycin (TM) inhibits N-glycosylation of glycoproteins by block-
ing the first step in N-glycan biosynthesis, whereas a-deoxynojiiimyein 
(DNJ) and walesnyinannofirimyrin (DMJ) specifically inhibit ii-glriewil-
dase and teiriannosidese activities, respectively, thus blocking the con-

wireless of high mannotre oligesareharides to wimplex-type aligoisancha-
rides. 82 cells stably expressing PC were exposed to sublethal doges of 
TM (5 a, gtml), DN,T (5 ram), and DMJ (2 mm). Proteins from treated cells 
were collected at 24 h and sifisjected to affinity chromatography on 
ConA-Seploarose (Amershain Biosciences). Conditioned medium con-
Unsling 10 bignal :secreted Fe and coil 1y-earn protein containing 1 µg'µ1 
cellular Pe were incubated with one-fifth volume of ConAsSepharose at 
25 "C for 1.5 h. The unbound fraction containing eglycosylated PC was
resivered by centrifugation at 2000 X g for 6 mill. The resin-bound 
gisextaylated 7Eir was dissociated via boiling for b min in 3 resin volumes 
of SDS-PAGE: loading boiler. Both fractions were subjected to Western 
analysis. 

hnaturtoprecipitation. and Anolysis  of FC and C.7Itoperona 
ASSOCiatiOn 

82 cells cm -Manefected with FC and chaperone expression plasmids 
were collected on day 5 post-transfeetion and washed twice with 1.0 nil 
of PRE. Cells were .resespearded in 500 pi of Vide buffer (0.1.x PBS, 1.0 
ma phanylmetlaylsulfonyi fluoride, 1.0 per apretinin), sheared seven 
times through a 27-gauge needle, and centrifuged at 14,000 g for :1,6 
min. Supernatant containing the cell lysete (14 proteins was retrieved. 
The peileted membranes (P) were solubilized in 500 al of iysis buffer 
containing 1% dietenin for 30 min at 4 'C with occasional agitation. 
The samples ware clarified at 14,000 X g for 15 MIA to separate aggre-
gates from se€ubilized proteins, which were used for subsequent 
immuneprecipitation. 

Fifty sd of protein A-Seplismose (Animalism's Rioscientiss) was incu-
bated with 50 pl of PBS containing 2 01 of anti-V5 antibody for 1 h at 
4 'C. Alter incubation, 100 pl of eolubilized protein samples was immu-
neprecipitated at 4 overnight on a rotator. The samples were centri-
fuged and washed three times with cold PBS. Forty µl of 858-PAGE 
loading buffer was added to each tube and boiled for 5 min before 
Western analysis. 

Concentration and Partial Purification WPC 

Culture medium containing secreted Fe was collected after Cen-

trifugation of cell culture at 3000 X g for 11) min at 4 "0. Medians was 
concentrated 10-fold by ultrafiltration using a regenerated cellulose 
membrane cassette (Pellicon XL; 30-kDa molecular mass cut-off; Mil-
lipore Corp.) at 4 "C. Concentrated protein sample was chromate-
graphed on a Sephedex G-100 (1.5 x 90-cm) column. Fractions con-
taining partially purified PC were pooled and concentrated using 
Centriprepmegenerated cellulose membrane (30-isDa molecular mass 
cut-off; Andean TM). 

ha Vitro Eadoglycosidase Digestion and Glycan Differentiation 

10 ng each of partially purified secreted Fe from Sf9-REVS and 82 
was denatured in 5% :IDS, 10% p-mercaptoethanni for 10 ruin at 100 °C 
and subjected to eadoglyeosidene H and peptiderN-glyeans-se F (New 
England Eiolabs) digestion at 37 '0 for 16 h, Rillowed by Western 
analysis using anti-PC antibody. Control samples were treated in the 
came way except in the absence of enzyme. 

For the glyean differentiation assay, Fes from LAL, CAL, 819-REVS, 
and 82 were purified by protein A-PC antibody affinity chromatogra-
phy. Fifty p1 of protein A-Sephansse (Ameraham Biesdences) was in-
cubated with 50 pi of PBS containing 10 pl of anti-FC antibody for 1 h 
at 4 °C. 100 pg of FC samples were then added to the protein A, 
Sephanase complex and incubated at 4*C overnight on a rotator. The 
samples were centrifuged and waslusi three times with PBS, and PC 
wore recovered ilium protein A-Sepharose by boiling for 10 Min in PBS. 
Lectin binding assay of the inesum 'affinity-purified Fes was carried 
out using the DIG glycan differentiation kit (Roche Molecular Elio-
chemicals), according to the manufacturer's instructions. 

Functional Analyses of Fes: Endotosin Binding Assay 

The LPS binding potential of various Fe proteins were analyzed 
using Lai ELISAshased assay and (b) surface plasm= NIZ0TUILLC0 
(SPE.). 

FEISA.-based Assay for LAS Binding---This assay was performed as 
described by Tan et al. (10) with some modifications. Coating of a 
polysorp 96-well plate (Billie) was achieved by incubation at 37 "C for 
2 h, and blocking war performed overnight at 26 'C. 10 tag of protein 
sample was added into each wall and incubated for 16 hat 25 *C. Bound 
ns were detected by sequential incubation with primary rabbit an-
ti-W antibody (1:500 dilution, 3 h at 07 °C) and goat anti-rabbit sec-
ondary antibody (1:2000 dilution) conjugated to horseradish peroxidese 
(Dako). 
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SPit to Deterosirbe the Kd of Fe for Lipid A—Anti-S/h fintibody at 20 
,zgAni was immobilized to CM8 chip (Amen-ham Bioscienzes) according 
to the marinfactiner's specifications, A Imr capacity costing for kinetic 
study was achieved as indicated by an increase of 1418 PeWlsiosice units. 
FC samples were injected at 10 zdAinn over the anti-Vh antibody sur-
face, resulting in capture of 5.0 paid of TO (determined by densitemet-
ric scanning using pure .kit₹ as atarulard. and normalized booed en their 
peptide size) from the conditioned Kaetiltira. Subsequently, lipid A at five 
different concentrations was injected at 20 Omni tc ersroirie interac-
tion between FC and lipid .A. The affinity constant was calculated teeing 

Baevaluation program (version 8.0.2) and reconfirmed using CLAMP 
(21). For regeneration, 100 mst NaOH was used. Values represent the 
mean of three independent expetiments, 

RESITINS 

PER Is Critical for the Correct Folding and Secretion of 
Down,streant SP Domains—Seven expression piasmids were 
tranafected into 82 cells, Immunoblot analysis shows that all 
the stable 82 transfectents expressed PCs, albeit displaying 
different amounts and expression profiles (Fig. IA). Interest-
ingly, although subeloned downstream of a potent secretion 
signal, not all of the FC proteins were secreted, suggesting that 
the localization of Fes might be signal sequenr.e-ind.epencient. 
We observed that the FL could be detected in the culture 
medium. However, the deletion of PER from FL, yielding 
FL(... PER), is not secreted (Fig. IA, constructs 1 and 2). This 
indicates that PER is important for the secretion competency of 
Fes. We next investigated the relative contribution of PER to 
the functional€y distinct LPS-binding and saline protease do-
mains, using paired truncated Fes (ES-PRE versus ES and 
PER-SP versus SP) containing or lacking the PRE (Fig. IA). 
Neither the preservation nor the removal of PER affects the 
secretion competency of the LPS-binding domain, ES (ES-PRE 
and ES., Fig, 1A, constructs 3 and 4), Similarly, when PER was 
localized upstream of SP (PRESP), as in the native Fe, the 
PRESP protein was easily detectable in the medium. Interest-
ingly, when the PRE was deleted, the scrim?, protease domain 
alone (SP) is no longer detectable in the cultures medium (Fig. 
IA, constructs 5 and 6). This clearly indicates that PER is 
critical for the secretion of the serine protease domain, 

A major difference between secreted and cellular Fes that 
harbor SP was that the secreted Fes (FL and PER-SP) have the 
PER domain localized upstream of SP, without which SP is not 
semeted into the medium. To verify the importance of this 
modular arrangement between PER and SP, the PER was 
subeloned C-terminal to SP (SP-PER). The PER domain in this 
reciprocal construct was not able to rescue the intracellular 
retention of SPTER Taken together, the PEE region of PC is 
important for correct folding of the downstream SP domain and 
that intraeellialarly localized Fee in 'ht be misfolded. 

To shed more light on the rule of PER in folding of the 
downstream SP domain, partial tryptic digestion followed by 
Western analysis was carried out on two pairs of Fes: (a) FL 
and FL(-PRR) and (b)PRESP and SP. Over the observed time, 
distinct protein fragments of FL (1.32, 80, 52, and 38 kDa) and 
fragments of PER SP (59, 52, and 38 liDa) were clearly detect-
able by anti-Fe antibody (Fig. 1B), suggesting that they were 
properly folded into a series of individual compact domains, 
which are relatively trypsin-resistant. It is interesting to note 
that two of the tryptic fragments, 80 and 52 klhi, corresponded 
to 128-activated autocleavage of Factor C. Importantly, both 
PER-deficient mutants, FL( —P1 ) and SP, were rapidly di-
gested by trypsin and were not detectable by anti-FC antibody 
after 1 h. Two isoform.s of SP, of —38 kDa., were observed, of 
which t€ae larger isoform was rapidly digested by trypsin, In-
terestingly, the minor smaller isoform increased sliehtly over 
the tested time period. This increase mild be generated from a 
small subpopulation of the larger isoform, and the smaller 
;safer-in was relatively resistant to trypsin digestion. These 

results show differences in protein folding between intracellu-
lar PER-deficient Fes and secretion-competent FCs. 11 is en-
visaged that lack of PER upstream of the SP domain tends to 
result in inisfoldeal Fes, which expose more accessible trypsin 
cleavage sites that render them more susceptible to protease 
digestion. 

Clearly, PEE is important for the folding and, hence, secre-
tion of the serine protease, Essentially, PER can only exert its 
effect when the serine protease domain is localized downstream 
of it. 

N-Glyeosylation is Required for Proper Post-translational 
Processing—We also observed a differential dependence of the 
two functional domains (viz. LPS-binding and serine protease 
domains) on PER for folding and secretion (Fig. 1). The secre-
tion competence of LPS-binding ES is unaffected by PER, 
which is in contrast to the SP. A distinguishing feature of ES is 
that it lacks N-glycosy€ation sites compared with SP or other 
SP-harboring Fes, which contain multiple N-glycosylation 
sites. Thus, we next investigated the significance of N-glycosy-
lation on the expression and secretion of FC. 

T€ze secreted FL protein is glycosylated and is able to bind to 
ConA-Sepharose (data not shown). FL proteins from S2 cells 
treated with TM show progressively decreasing size based on 
their mobility (Fig. 24), suggesting a loss of N-linked sugar 
chains. Aglyossylatecl FL was detected only in the L and P 
fractions, which clearly indicates that loss of N-glycosylation 
inhibited FL secretion. The absence of N-g,lytteylation of FL 
after TM treatment is also confirmed by its inability to bind 
ConA-Sepharose (Fig. 2B). In contrast to the effects of TM on. 
Fe secretion, cells treated with DN.1 and DIU exhibited no 
difference in expression level or distribution pattern of FCs 
(data not shown). Thus, the conversion of high mannose oligo-
saccharide to complex oligosaccharide is dispensable for pro-
tein secretion, 

To determine the critical N-glycan sites, a series of glycomu-
tations were introduced (Table I). The position of PER is such 
that it partitioned the FL into the N-terminal LPS-binding and. 
the C-terminal serine protease regions. Thus, we decided to 
mutate the N-glycosylation aitea sequentially from each termi-
nal. Single disruption of any one of the six N-glycan sites has no 
observable impact on the TO secretion (Fig. 2C, Series I), How-
ever, the elimination of two sites, particularly N523 534Q 
and N767Q1N912Q, impaired the expression of FL (Fig. 20, 
lanes 1 and 5 of Series II). Although mutation of the three 
consecutive N-glycan sites located at the N terminus caused 
drastic reduction of the expression of Fe, this mutant FL is still 
secreted into the culture medium (Fig. 20, lee ne 1 of Series III). 
In contrast and importantly, the mutation of the three consec-
utive C-terminal N-glyean sites located downstream of PRE 
atMear the SP domain totally abolished the secretion (Fig. 20, 
loam: 2 of Series HI). The removal of all six glycoeylation sites 
(La aglycosylated. FL) is not secretion-competent (Fig. 2C, Se-
ries IV). Thus, in addition to PER, the N-glycotylation sites in 
the SP are also critical for protein expression and secretion. We 
next sought to assess the contribution of N-glycs.nB to secretion 
competence and also to determine a possible functional depend-
ence on PER. 

N.Glycons Interact with Molecular Chaperones to Enhance 
Solubility and Secretion of FC—To further examine the in-
volvement ofN-glycans in the secretion pathway, co-expression 
study of FC with two molecular chaperones was carried out. 
cCNX and hCET were expressed in 82 cells and their expected 
protein sizes and cellular localization were detected with their 
respective antibodies, The expression levels of the cCNX and 
1iCRT in 82 were also comparable (Fig. 2D). 

The overall expression level of FL, es determined by densi-
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SFR to Deterosirbe the Kd of Fe for Lipid A— Anti-V8 fintitiody at 20 
pzglittl was immobilized to CM8 chip (Anieribsot Biosciences) according 
to the manufacturer's specifications. A dew capacity coating for kinetic 
study was oda-coal as indicated by an increase of 1418 resonance units. 
FC samples were injected at 10 i.d./nUn over the anti-d5 antibody sur-
face, resulting in capture of 5.0 peel of FC (determined by densitemet-
ric scanning using pure .kit₹ as standard and normalized hosed on their 
peptide size) from the concationed MaTstiltira. Subsequently, lipid A at five 
different concentrations was injected at 20 otimin tc moo-Mlle interac-
tion. between FC and lipid The affinity constant was calculated kolgikkg, 

BI.Aievaluation program (version 8.0.2) and reconfirmed using CLAMP 
(21). For regeneration, 100 mita NaOH was used. Values represent the 
mean of throm independent experiments. 

RESITINS 

PER Is Critical for the Correct Folding and Secretion of 
Down,streant SP Domain—Seven expression plasmids were 
transfected into S2 cells. Immunoblot analysis shows that all 
the stable 82 transfectents expressed PCs, albeit displaying 
afferent amounts and expression profiles (Fig. 1A). Interest-
ingly, although subeloned downstream of a potent secretion 
signal, not all of the FC proteins were secreted, suggesting that 
the localization of Fes might be signal sequence-independent. 
We observed that the FL could be detected in the culture 
medium. However, the deletion of PER from FL, yielding 
FL(... PEE), is not secreted (Fig. IA, constructs I and 2). This 
indicates that PEE is important for the secretion competency of 
Fes. We next investigated the relative contribution of PER to 
the functional€y distinct LPS-binding and serine protease do-
mains, using paired truncated Fes (ES-PEE versus ES and 
PER-SP versus SP) containing or lacking the PER (Fig. IA). 
Neither the preservation nor the removal of PER affects the 
secretion competency of the LPS-binding domain, ES (ES-PER 
and ES., Fig. IA, constructs 3 and 4). Similarly, when PRE was 
localized upstream of SP (PEE-SP), as in the native Fe, the 
PRE-SP protein was easily detectable in the medium. Interest-
ingly, when the PEE was deleted, the serine protease domain 
alone (SP) is no longer detectable in the culture medium (Fig. 
IA, constructs 5 and 6). This clearly indicates that PER is 
critical for the secretion of the serine protease domain.. 

A major difference between secreted and cellular Fes that 
harbor SP was that the secreted Fes (FL and PEE-SP) have the 
PEE domain localized upstream. of SP, without which SP is not 
secreted into the medium. To verify the importance of this 
modular arrangement between PER and SP, the PEE was 
eubeloned C-terminal to SP (SP-PEE). The FEE domain' in this 
reciprocal construct was not able to rescue the intracellular 
retention of SP-PRE. Taken together, the PER region of PC is 
important for correct folding of the downstream SP domain and 
that intraoellialarly localized Fes Tri 'ht be roisfolded. 

To shed more light on the rule of PER in folding of the 
downstream SP domain, partial tryptic digestion followed by 
Western analysis was carried out on two pairs of Fes: (a) FL 
and FL(-PER) and (b) PER-SF and SP. Over the observed time, 
distinct protein fragments of FL (1.32, 80, 52, and 38 kDa) and 
fragments of PEE, SP (59, 52, and 38 liDa) were clearly detect-
able by anti-FC antibody (Fig. 1B), suggesting that they were 
properly folded into a series of individual compact domains, 
which are relatively trypsin-resistant. It is interesting to note 
that two of the tryptic fragments, 80 and 52 kDa, corresponded 
to LPS-activated autocleavage of Factor C. Importantly, both 
PRR-deficient mutants, FL( —PEE) and SP, were rapidly di-
gested by trypsin and were not detectable by anti-FC antibody 
after 1 h. Two isoforms of SP, of —38 kDa., were observed, of 
which t€ae larger isoform was rapidly digested by trypsin. In-
terestingly, the minor smaller isoform increased slipittly over 
the tested time period. This increase mild be generated from a 
small subpopulation of the larger isoform, and the smaller 
isoform was relatively resistant to trypsin digestion. These 
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results show differences in protein folding between intracellu-
lax PEE-deficient Fes and secretion-competent Fes. It is en-
visaged that lack of PEE upstream of the SP domain tends to 
result in raisfolded Fes, which expose more accessible trypsin 
cleavage sites that render them more susceptible to protease 
digestion. 

Clearly, PRE is important for the folding and, hence, secre-
tion of the serine protease, Essentially, PEE can only exert its 
effect when the serine protease domain is localized downstream 
of it. 

N-Glyeosylation Is Required for Proper Post-translational 
Processing—We also observed a differential dependence of the 
two functional domains (viz. LPS-binding and serine protease 
domains) on PER for folding and secretion (Fig. 1). The secre-
tion competence of LPS-binding ES is unaffected by PEE, 
which is in contrast to the SP. A distinguishing feature of ES is 
that it lacks N-glyticaylation sites compared with h'P or other 
SP-harboring Fes, which contain multiple N-glycosylation 
sites. Thus, we next investigated the significance of N-glycosy-
lation on the expression and secretion of 3/C. 

The secreted FL protein is glycosylated and is able to bind to 
ConA-Sepharose (data not. shown). FL proteins from S2 calls 
treated with TM show progressively decreasing size based on 
their mobility (Fig. 24), suggesting a loss of N.-linked sugar 
chains. Aglycosylated FL was detected only in the L and P 
fractions, which clearly indicates that loss of N-glycosylation 
inhibited FL secretion. The absence of N-g,lycosylatiori of FL 
after TM treatment is also confirmed by its inability to bind 
ConA-Sepharose (Fig. 213). In contrast to the effects of TM on. 
Fe secretion, cells treated with UNd and exhibited no 
difference in expression level or distribution pattern of Fes 
(data not shown). Thus, the conversion of high mannose oligo-
saccharid.o to complex oligosaccharide is dispensable for pro-
tein secretion, 

To determine the critical N-glycard sites, a series of glycomu-
tations were introduced (Table I). The position of PER is such 
that it partitioned the FL into the N-terminal LPS-binding and. 
the C-terminal serine protease regions. Thus, we decided to 
mutate the N-glycosylation sites sequentially from each termi-
nal. Single disruption of any one of the six N-glycan sites has no 
observable impact on the Fe secretion (Fig. 2C, Series I), How-
ever, the elimination of two sites, particularly N523 534Q 
and N767Q1N912Q, impaired the expression of FL (Fig. 2O, 
laves i and 5 of Series 11). Although mutation of the three 
consecutive N-glycan sites located at the N terminus caused 
drastic reduction of the expression of Fe, this mutant FL is still 
secreted into the culture medium (Fig. 2O, lane 1 of Series XII). 
In contrast and importantly, the mutation of the three consec-
utive C-terminal N-glyean sites located downstream of PER 
atinear the SP domain totally abolished the secretion (Fig. 2O, 
lease 2 of Series III). The removal of all six glycosylation sites 

aglycosylated. FL) is not secretion-competent (Fig. 2O, Se-
ries IV). Thus, in addition to PER, the N-glycosylation sites in 
the SP are also critical for protein expression and secretion. We 
next sought to assess the contribution ofr4-glycane to secretion 
competence and also to determine a possible functional depend-
ence on PER. 

NGlycons Interact with Molecular Chaperones to Enhance 
Solubility and Secretion of FC—To further examine the in-
volvement ofN-glycans in the secretion pathway, co-expression 
study of FC with two molecular chaperones was carried out. 
cCNX and hCET were expressed in S2 cells and their expected 
protein sizes and cellular localization were detected with their 
respective antibodies, The expression levels of the 'se:NE and 
liCRT in S2 were also comparable (Fig. 2E)). 

The overall expression level of FL, es determined by densi-
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Fm. 1. Domain structure, targeting, localization, and folding of Fes. A, domain structure of the full-length Factor C and the deletion 
bontolognea. The roconildnant fusion sites of different ilereafiri are indicated by upward arrows with the amino acid numbering in the original 
Careaboazapins rotandicauda FC2I (Ceallankrm accession no, 877083). The glymaylation sites are marked with green closed diamonds.. arkly 
shaded area, secretory signal (as); CR, cysteine-rich region; horizontally striped area, epidermal growth factor-like domain; SI-5, sushi-like 
domains 1--6; LECTIN, lectinlike domain; PI311,proline-rich region, in red; ST, seri= protease coding region; diagonally striped region, V6 epitope; 
vertically striped region, Iiisn tag. Targeting of the seven recombinant FCs was detected by Western blot. M, 1.0 µg of culture medium containing 
secreted proteins; I.., 20 pg of cell lyaaterf iu PBS containing cellular proteins were obtained by live cycles of freeni-thawing of cells, followed by 
centrifugation at 12,000 x g for 15 min at 4'C; P, 20 og of  pellet obtained at thin step was also collected, weighed, and solabiliced in 1 x 
SDS-PAGE sample buffer. Protein concentration was measured by Bradford assay. The relative distribution of FC1proteins in M, L, and P fractions 
was revealed using antiV5-horseradish peraiddase antibody auvitrogen). Membranes were visualized using the SSupersignal® West Pico Chemi-. 
luminescent Substrate (Pierce). The amount of Fe was quantitated densitometrically by using Imageklaster (Amersham Biosciences) software. 
Pure ES protein (10) was used as standard. Band intensities within the linear range were measured. 13, partial proteolysis of F€7s. Fee (FL, 

PRR•SP, sad SP) ware partially digested with trypain and collected at time points as indicated, Digested samples were analyzed by 
Western analysis using polyclonal rabbit anti-Fl] antibody. Distinct stable protein fragments of FL (132.8©, 52, and 35 kDa) and PRRSP (85, 62, 
and 38 kDa) were detectable. 
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Fm. 1. Domain structure, targeting, localization, and folding of Fes. A, domain at-nature of the full-length Factor C and the deletion 
hootologuee. The recombinant fusion sites of different dem afiS are indicated by upward arrows with the amino acid numbering in the original. 
Coroin.9sebrpitio rotantlicanda FC21 (Coallank' aceesaion no, 577083). The glzFroaylatiou sites are marked with green closed diamonds..Darkly 
shaded area, secretory signal (es); ca, cysteine-rich region; horizontally striped area, epidermal growth factor-like domain; SI-5, sushi-like 
domains 1-0; LECTLIV, lectin-like domain; PIM, proline-rich region, in red; SP. cosine protease coding region; diagonally striped region, V6 epitope; 
vertically striped region, Hiss tag. Targeting of the seven recombinant Fes was detected by Western blot. M, 1.0 µg of culture medium containing 
secreted proteins; 1,, 20 pg of cell lysates iu PBS containing cellular proteins wore obtained by live cycles of freeze-thawing of cells, followed by 
centrifugation at 12,000 x g for 15 min at '2.3; P, 20 pg grim:obi/de pellet obtained at this step wee also collected, weighed, and col ubilised in 1 x 
SDS-PAGE sample buffer. Protein concentration was measured by Bradford assay. The relative distribution of FC1proteins in M, L, and P fractions 
was revealed using anti-V5-horseradish perexidase antibody (invitregen). Membranes were visualized using the SSupersignal® West Pico eiremi-. 
luminescent Substrate (Pierce). The amount of Fe was quantitated densitometrically by using Imagailester (Amershazo 13ioscieneee) software. 
Pure ES protein (10) ',vas used as standard. Bend intensities within the linear range were measured. 13, partial probiolysis of F€7s. Fee (FL, 
FL(-Pifft), PRR-SP, and SP) were partially digested with trypsin and rAillected et time points as indicated, Digested samples were analyzed by 
Western analysis using poiyclonal rabbit anti-FC antibody. Distinct stable protein fragments of FL (132, 80, 52, and 33 kDa) and FRB-SP (06, 62, 
and 38 kDa) were detectable. 
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Fin, 2, N.Glyeara are required for proper FC synthesis' and teal:jugs* A. innnunolclot of FL from the Id, L, and P after treatment of 82 
cells with TM. Western snatyses used 11) ;.:g of medium (211), 20 kg of lysate (L), and 20 pg of solubilized pellet (P). A, immunoblot after 
ConA-Sepharose binding assay of FL from M and L. Protein samples were collected from cells treated or not with TM for 48 h. till, unbound 
proteins; P., proteins bound to Code,Sepharriae. C. locimunobinta of FC samples from 22 cells transfected with PC glycomatentss. Cell culture 
supernatant woe prepared from $2 expressing wild type FL and FL glycomireanta. Protein samples were collected as described in legend of Fig. 
1. 1.0 pg of medium was resolved in a 8% gel by 81)5-PAGE. All transfeetleas were done in parallel. The blot shown is representative of three 
independent t.s.periments. Immunobletting was performed with anti-V5-horaeradish peroxidase antibody. 1), expression level of FCs co-expressed 
with molecular chaperones. Expression of cebTX. (1) and heRT (2)in 22 cells is shown. 82 calls tranalboted with pAc5.1PV5-1FlisA vector or chaperone 
expreseien finnstmots wore collected on day 5. Soluble lysato (L) and particulate (F) fractions were resolved by 81)8-PAGE and analyzed using 
respective chaperone antibodies. Antibody for cCNX LS from Transduction Laboratories, and antibody for hCRT is from Strassgen. ceNll is detected 
in the P fraction, and hORT is detected in both the L and P fraction. These expression profiles conform to their original nature, in that cCNXis 
integrated into the ER membrane, whereas heRT are ER lumina] proteins. B, comparison of secreted FL, ES, and cellular FL(—PRR), SP 
co-expressed with chaperones on day 5 post-trausibcfion. Relative values calculated from the densitometrio data are shown, with the value for the 
52 calls translated with .FC construct. alone arbitrarily set. as 1. Emir bora represent the S.E. in = 8). F, left panel, direct interaction of glyeettyiateil 
FC with chaperones. Digitonin-solubilized cell lysates (L) from 82 cells translated with vector-pAc5.1/V5-1-lisA, cCNX alone, cCNX 
and SP + cCNX were precipitated overnight with anti-VS antibody. The immunoprecipitates were subjected to 3D9-PAGE and probed with 
anti-cCNX antibody. Right pond, association of chaperone and PC under glycoaylatien-inhibited conditions. 52 cells oc-transfected with cCNX and 
SP (lrmee 2-5) were pretreated overnight with TM (5 lone 3), .1.)NJ (5 :dm, lane 4), end DALE (2 rate, lane 5) before transfection and incubated 
with these inhibitors after transfection. FCs expressed were then precipitated with anti-VS antibody, and the chaperones that associated with PC 
were analyzed by SOS-PAGE and ircindueblotting. 

du
g 

w
ag

 p
ap

o
ru

m
o

u
 

O 

rn

8 

O 

Folding and Secretion of a Multidonsain Serino Protease 36'367 

(A) 

(C) 

(F) 

(B)  tin is 
N4 h. 

11 z I8 d 3: 10 ii:  W0141 ••1•M Q t  
, 

5 9 i) igghall 
 .

`Series 

• FL 

• • 
**As wasstallOdssrellieji 

1 1' 

1'2) 

ti

-41101000**0*WIltows* 

refit IV 
* 9' 

r. 

...•••••• 

i-11111) 

cCh X 
TM 1)N.1 ;t)4l.1 Inhibitor 

65 4"' 1  1 4 

-*???.?W 4--otiNX 

s • 

I 

Flu, 2. N-Glyeara are required for proper FC synthesis' and targeting. A. inununablat of FL €rom the M, L, and P after treatment of 82 
cells with TM. Western analyses used 11) pg of medium (M), 20 pg of lysate (L), and 20 pg of aolubilized pellet (P). Ae immunoblot after 
ConA-Sepharose binding assay of FL from M and L. Protein samples were collected from cells treated or not with TM for 48 h. U13, unbound 
proteins; P., proteins bound to CanA.-Sepharme. C. isamu•suiblets of FC samples from 82 cells tranafected with PC glycomutarits. Cell culture 
supernatant wee prepared from 82 expressing wild type FL and FL glycommanta. Protein samples were collected as described in legend of Fig. 
1. 1.0 pg of medium was resolved in a 8% gel by SDS-PAGE. All translations were done in parallel. The blot shown is representative of three 
independent ,ea.£auriments. Immunoblotting was performed with anti-V5-horseradish peroxidase antibody. 1), expression level of FCs co-expressed 
with molecular (Ampere:1es. Expression of tiC1),'51. (1) and heRT (2)in S2 cells is shown. 82 cells tranalected with pAc5.1N5-1FliSA. vector or chaperone 
expression mrsitmets wore collected en day 5. Soluble lysate CL) and particulate (F) fractions were resolved by SDS-PAGE and analyzed using 
respective chaperone antibodies. Antibody far cCNX is scam Transduction Laboratories, and antibody for heRT is from Stresogen. cCNX is detected 
in the P fraction, and hORT is detected in both the L and P fraction. These expression profiles conform to their original nature, in that cCNX is 
integrated into the ER membrane, whereas hCRT are ER ninth's] proteins. 2, comparison of secreted FL, ES, and cellular FL(—PRR), SP 
co-expressai with chaperones on day ≥ post-trausibcfion. Relative values calculated from the densitometrio data are shown, with the value for the 
82 evils teamster:tad with. FC construa alone arbitrarily set. as 1. Error Lora represent the S.F. 8). F, left .easel, direct interaction of glycasylated 
FC with chaperones. Digiter.in-aolubilfred cell lysates CL) from 82 cells translated with vector-pAe5.1/V5-1-lisA, eCNX alone, FL(--PRR) i eeN1C 
and SP + cCNX were precipitated overnight with anti-VS antibody. The immunoprecipitates were subjected to SDS-PAGE and probed with 
anti-ceNX antibody. high€ panel, association of chaperone and PC under glycoaylation-inhibited conditions. S2 cells co-transfecteel with cCNX and 
SP (lanor 2-5) were pretreated overnight with TM (5 µgtffll, lone 3), DN,J (5 ore,  lease 4), and O14.5 lane 5) before transfection and incubated 
with these inhibitors after trans section. Fes expressed wore then precipitated with anti-VS antibody, and the chaperones that associated with PC 
were analyzed by SDS-PAGE and ircraumblating. 
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3£368 Folding and Secretion of a Multidomain Serino Protease 

TABLE 
Glymeastaras of Factor C generated by gate-directed rnategeliR3i8 

Mount, Consensus 5f,quence(6) diarnptesi 

Series I PC mutant; 
IsT523Q 
IsT52.4Q 
NI124Q 
N740Q 
N767Q 
N9:12Q 

Series II FO mutants 
1,1623Q/N534Q 
N634Q1N624Q 
N624Q/N746Q 
liTitICYCI767Q 
INT767QIN212Q 

Series III FC mutants 
Nrs23Q/N5A4Q/N624Q 
N74-0Q/N7.67Q/N912Q 

Series IV PC mutant 
NI—SQ 

Asn-523 
Asu-534 
Am-624 
Asn-740 
AFIrk-767 

Asn-P1.2 

Asn-523 mad Asa-534 
Asu-584 mad Asn-624 
Asn-624 and Aar--740 
Asst-740 and. Asn-767 
Asn-767 and Asn-9I2 

Asn-52S, Asn-534, and 
Asn-740, Aera-767, and Ann-912 

All sin sites 

tometric scanning of the immunoblot, increased over time, and 
peaked between 5 and 7 days (data not shown). ceNE caused a 
3-fold increase in the level of secreted FL, whereas beRT 
minimally enhanced FL expression. Next, the effects of chap-
erone on the expression level of cellular Fes lacking PER, 
FL(.-- PER) and Si', were examined. Although overexpression snf 
ce,NX and hCET enhanced the solubility of FL( —PEE) and SP 
to variable degrees (Fig. 2E), none of these chaperones was able 
to rescue the nonsecretioxi of PRE-cleficient Fee: FL( —PRE) 
and SP. The chaperones did not affect ES expression and se-
cretion. This is not surprising, since the LPS-binding ES do-
main is not glycosylated (Fig. 2E). CO-ininntriePreCIPiteti0n 
experiments showed that ceNX co-precipitated with 
FL(—PER) and Si' (Fig. 2F, left panel), but no apparent inter-
action was observed with hCRT (data not shown). Since hCET 
consistently gives a small increase in Fe expression, it is con-
ceivable that the association between Fe and hORT is tran-
sient. Specific interaction between the .N-glycsne of Fe and 
ceNE was further confirmed using N-glycosylation inhibitors, 
TM, DNJ, and DMJ. Consistent with the above observation, 
treatment with TM and DNJ abolished the interaction between 
Fe and ceNX, whereas DM=.1 had no effect (Fig. 2F, right 
panel). This clearly indicates that the N-glycans on the Fe 
molecules are responsible for interaction with ceNX, In addi-
tion, eCI:IX probably recognizes certain structures of Fe N-
glycans and binds specifically to the degluc osylated. form of FC, 
Taken together, the results indicate that N-glycans are impor-
tant for interaction with ceNX, which increases the solubility 
of the Fe protein, and that its observed effect on protein secre-
tion is secondary to the lack of this interaction. Furthermore, 
the PER region, a€though critical for the correct conformation 
of the downstream serine protease domain, is dispensable for 
the interaction with these chaperones. 

Specific Glycosylation Modification F; Required for FC Enzy-
matic Activity--in addition to its contribution to protein solu-
bility, N-glyums have been reported to influence protein func-
tions (16). Since glycosylation is the only post-translational 
modification known so far in Fes, we attempted to precisely 
investigate the extemt and type of glycosylation in Fe that can 
alter 128-induced autocleavage and its enzymatic activity. 
Slit-BEVS Fe was previously demonstrated to exhibit LPS-
induced cleavage and enzymatic activity (22). 

Endoglycosidase H and peptidedV-glycanase F digestion 
analyses show the presence of both high men nose and complex 
glycans on S2 Fe and SIP-REVS Fe. Differences in their mo-
bility indicate that Sf9-BEVS FC contains 12 kDa of complex 
N-glycans and 52 FC harbors 8 kDa of comPlexN-glycans 

3.4). Thus, it appears that 82 Fe is less glycolytically processed. 
Galanthus niredis agglutinin treatment reveals the presence of 
high mannose gfycans in all four Fes. Sambiteue eig.ru agglu-
tinin treatment yielded positive results for Fes from LAL, 
CAL, and SIP-REVS and only weakly reacted with S2 Fe. 
Interestingly, reaction with. Maas:Ina arnurensiz agglutinin 
yielded the strongest signal with. 82 FC, pointing to a difference 
in the branching of terminal sie.lic acids. S2 FC contain greater 
sialle acid linked a(2-3) to galactose, which is in contrast to 
Sf9-BEVS Fe, LAL, and CAL. The latter three Fes contain 
more stable acid linked e(2-6) to galactose. in agreement with 
the andog€ycosidase if digestion results, Datum agramordinn 
agglutinin yielded the weakest signal with 52 FC, confirming 
that 82 Fe is the most poorly processed among the four Fee 
(Fig. 311). Collectively, we have sliewn that the glycan struc-
tures of Fe expressed in S2 are different from Fes derived from 
SIP, CAL, and LAL. Such differences in glycomoclifications can 
translate into disparity in protein functions. 

LPS activation of the FC expressed in the Sf9-baculovirue 
expression system was c€eaved into two protein fragments of 80 
and 52 kDa (Fig, 30), with resultant enzymatic activity (22), In 
contrast, attempts at measuring LPS-inducible enzymatic ac-
tivity of 82 FC showed that it doss not autocleave and exhibited 
no enzymatic activity. The above mentioned host cell-specific 
complexity of glycosylation of the Fes offers plausible explana-
tions for this lack of cleavage and enzymatic activity. 

Secreted FL and ES•PRit Retained Their LPS Binding Adis-
itiee---Secretod 82 Fes were tasted for their Li'S binding effi-
cacy using both ELISA and SPR, Using gel filtration-purified 
Fes, significant lipid A binding activity of FL and FS-PRE was 
observed, as compared with the partially purified conditioned 
serum-free medium from wild-type 82 cells. Both secreted Fes 
were capable of detecting as low as 0.05 tigiral LPS (Fig. 4.4). 
'The secrete€€ PRESP was unable to detect LPS, indicating that 
there is no LPS-binding dienein in this molecule. The Kd values 
of FL and ES.PER for binding to E. colt lipid A was determined 
using SPR, Fig. 45 shows a. sensorgram of lipid A binding to 
FL. The Ka values Were 2,23 x 10-7 as and. 9,58 x ls'i 13 for Fr, 
and ES-PER, respectively. It is interesting to observe that the 
absence of the leetin-like and sushi 4 domains leads to a 4-fold 
decrease in affinity for Li'S. 

DISCUSSION 

In this study, we have identified two important determinants 
of protein secretion of a mosaic serine protease: the PER and 
certain strategically located. N-glycams. PER is necessary for 
proper folding of the downstream SP domain. The N-glycans, 
particularly those residing downstream of PER, at or near the 
SP domain, contribute to stable interaction with specific chap-
erone(s) and consequent€y increase the solubility of Fes. Al-
though both factors are involved in different aspects of protein 
expression, they are equally critical for the maturation and. 
secretion of the protein (Fig. 5). We also identified two potential 
domains that contribute to the LPS binding activity of Fe. The 
absence of the lecem-like and sushi 4 domain in SP.PRE leads 
to era apparent decrease in affinity for LPS by 4-fold compared 
with FL, indicating that these two domains could either affect 
the conformation of the upstream LPS binding domains or 
directly contribute to the binding of LPS. Final€y, we provide 
evidence that the N-glyeans are dispensable for LPS binding 
but that the differential complexity in glycosylation is critical 
for IPS-induced cleavage and enzymatic activity, 

PRR Governs the Folding of Downstream SP Domain—The 
significant e of modular arrangement to the structural integrity 
and functionality of multidomain proteins such as Factor XII 
and Fie may provide us with important insights into their 
regulation, activation, and substrate specificity. The availabil-
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3£368 Folding and Secretion of a Multidonsain Serino Protease 

TABLE 
Glymeastants of Feeler C generated by gate-directed rnategeliR3i8 

Consensus 5f,quence(6) diareptesi 

Series I PC uratattte 
IsT5?.3Q 
N5S4Q 
N624Q 
N740Q 
N767Q 
N9:12Q 

Series II FO mutants 
INT523Q/N534,1.1 
N534Q/N624Q 
N824Q/N740Q 
liTitiQ/N767Q 
INT767Q1N912Q 

Series III FC mutants 
Igrs22Q/N5A4Q/N624Q 
N740Q/N7.67Q/N912Q 

Series IV PC mutant 
NI-6Q 

Aart-523 
Asri-534 
Am-624 
tork-740 
AlIrk-767 

Am-91.2 

Asn-523 and Ilan-554 
Asn-534 and ken-624 
Ami-624 and Asr,-740 
Asn-740 arid Asn-7437 
Asa-767 and Asn-9I2 

Asa-52S, Asn-534, and Aen.-624 
Asti-740, Aeu-757, and Ann-912 

Ali Rim sites 

tenet-a-lc scanning of the immunoblot, increased over time, and 
peaked between 5 and 7 days (data not shown). cCNX caused a 
3-fold increase in the level of secreted FL, whereas hCRT 
minimally enhanced FL expression. Next, the effects of chap-
erone on the expression level of cellular Fes lacking PER, 
FL(.-- PER) and Si', were examined. Although overexpression anf 
cCNX and hCRT enhanced the solubility of FL( —PRE) and Si' 
to variable degrees (Fig. 2E), none of these chaperones was able 
to rescue the nonaecretioxt of PRE-deficient Fee: FL( —PEE) 
and SP. The chaperones did not affect ES expression and se-
cretion. This is not surprising, since the LPS-binding ES do-
main is not glycosylated (Fig. 2E). Co-immunoprecipitation 
experiments showed that cCNX co-precipitated with 
FL(---PER) and Si' (Fig. 21,-", left panel), but no apparent inter-
action was observed with hCRT (data not shown). Since hCRT 
consistently gives a small increase in FC expression, it is con-
ceivable that the association between FC and hCRT is tran-
sient. Specific interaction between the .N-glansite of FC and 
ceNE was further confirmed using N-glycosylation inhibitors, 
TM, DNJ, and DMJ. Consistent with the above observation, 
treatment with TM and LW abolished the interaction between 
FC and cCNX, whereas DMJ had no effect (Fig. ate, right 
panel). This clearly indicates that the N-glycans on the Fe 
molecules are responsible for interaction with ceNTE, In addi-
tien., et-2.3"X probably recognizes certain structures of FC N-
glycans and binds specifically to the deglucosylated. form of FC. 
Taken together, the results indicate that N-glycans are impor-
tant for interaction with eCNX, which increases the eolubility 
of the FC protein, and that its observed effect on protein secre-
tion is secondary to the lack of this interaction. Furthermore, 
the PEE region, a€tbough critica€ for the correct conformation 
of the downstream serine protease domain, is dispensable for 
the interaction with these chaperones. 

Specific Glycoeylation Modification F; Required for FC Enzy-
matic Activity--4n addition to its contribution to protein solu-
bility, N-glycans have been reported to influence protein func-
tions (16). Since glycosylation is the only post-translational 
modification known so far in Fes, we attempted to precisely 
investigate the extent and type of glycosylation in Fe that can 
alter 1,PS-induced autocleavage and its enzymatic activity. 
SE9-REV'S FC was previously demonstrated to exhibit LPS-
induced cleavage and enzymatic activity (22). 

Endoglycosidase H and peptideN-glyennase F digestion 
analyses show the presence of both high man nose and complex 
glycans on S2 Fe and SIP-BENTS Fe. Differences in their mo-
bility indicate that St-P.-HENS FC contains 12 LIM of complex 
N-glycans and 52 FC harbors 8 kDa of complex N-glycans 

3.4). Thus, it appears that 82 Fe is less glycolytically processed. 
Galanthus agglutinin treatment reveals the presence of 
high mannose gfycans in all four Fes. Sambiteue nigra agglu-
tinin treatment yielded positive results for Fes from LAL, 
CAL, and Sf9-BEVS and only weakly reacted with S2 FC. 
Intereatingly, reaction with. Maachia artzurensis agglutinin 
yielded the strongest signal with 32 FC, pointing to a difference 
in the branching of terminal sie.lic acids. 82 FC contain greater 
sialic acid linked n(2-3) to galactose, which is in contrast to 
Sf9-BEVS Fe, LAL, and CAL. The latter three Fes contain 
more sialic acid linked 0(2-6) to galactose. in agreement with 
the endog€ycosidasa H digestion results, Datum stramonium 
agglutinin yielded the weakest signal with 32 IC, confirming 
that 82 Fe is the most poorly processed among the four Fee 
(Fig. 35). Collectively, we have shown that the glycol struc-
tures of FC expressed in S2 are different from Fes derived from 
Sf9, CAL, arid LAL. Such differences in glycomoclifications can 
translate into disparity in protein functions. 

LPS activation of the FC expressed in the Sf9-haeulovirue 
expression system was c€eaved into two protein fragments of SO 
and 52 kDa (Fig, 3C), with resultant enzymatic activity (22), In 
contrast, attempts at measuring LPS-inducible enzymatic ac-
tivity of 82 FC showed that it doss not autocleave and exhibited 
no enzymatic activity. The above mentioned host cell-specific 
complexity of glycosylation of the Fes offers plausible explana-
tions for this lack of cleavage and enzymatic activity. 

Secreted FL end ES•PRil Retained Their LPS Binding Actie • 
itiee---Secreted 32 Fes were tasted for their Li'S binding effi-
cacy using both ELISA and SPR, Using gel filtration-purified, 
Fes, significant lipid A binding activity of FL and ES-PER was 

observed, as compared with the partially purified conditioned 
serum-free medium from wild-type 82 cells. Both secreted Fes 
were capable of detecting as low as 0.05 sigirel LPS (Fig. 4.4). 
The secrete€€ PERSP was unable to detect LPS, indicating that 
there is no LPS-binding domain in this molecule. The Kci values 
of FL and ES-PER for binding to E. call lipid A was determined 
using SPR, Fig. 45 shows a sensorgrsm of lipid A binding to 
FL. The Ka values Were 2,23 x l0--sat and. 9,58 x 10-7 is for FI, 
and ES-PER, respectively. It is interesting to observe that the 
absence of the leant-like and sushi 4 domains leads to a 4-fold 
decrease in affinity for Li'S. 

DISCUSSION 

In this study, we have identified two important determinants 
of protein secretion of a mosaic serine protease: the PER and 
certain strategically located. N-glycans. PER is necessary for 
proper folding of the downstream SP domain. The N-glycans, 
particularly those residing downstream of PER, at or near the 
SP domain, contribute to stable interaction with specific chap-
erone(s) and consequent€y increase the solubility of Fes. Al-
though both factors are involved in dif₹erect aspects of protein 
expression, they are equally critical for the maturation. and. 
secretion of the protein (Fig. 5). We also identified two potential 
domains that contribute to the LPS binding activity of FC. The 
absence of the lecem-like and sushi 4 domain in SP-PER leads 
to an apparent decrease in affinity for LPS by 4-fold compared 
with FL, indicating that these two domains could either affect 
the conformation of the upstream LPS binding domains or 
directly contribute to the binding of LPS. Finally, we provide 
evidence that the N-glyeans are dispensable for LPS binding 
but that the differential complexity ire glycosylation is critical 
for 1,13S-indtated cleavage and enzymatic activity, 

P55 Governs the Folding of Downstream SP Domain—The 
significance of modular arrangement to the structural integrity 
and functionality of multidernain proteins such as Factor XII 
and FC may provide us with important insights into their 
regulation, activation, and substrate specificity. The availabil-
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Folding and Secretion of a Multidonsain Serino Protease 

Pni.3. €omparison of the extent 
and complexity of glyeosylation in 62 
PC and 8110-BEVS Fe. A, endeglyceid-
dase treatment revealed that Sf9-REVS 
Fe has more complex N-glycana. The mo-
lecular mass shift after endoglycosidase 
H (Endo Li) treatment indicates the ex-
tent of high meancee .AI-glyean chaine, 
Whereas the shift alter peptideN-gly-
renew F (PNGere F. treatment inclicate.s 
total N-glycosylation (including both high 
mannoso and complex sugar casino). The 
size difference between peptide:141'41y-
canase P-treated PC wimple end IC Ter 
(tramscrilkdon-coupled translation) prod-
uct is attributable to C-g€ycosylation. 11, 
glycen differential assay of 52 IC and 
S1'9-BETS PC. Lane 1, PC; lane 2, PC 
without Ai-eye:ma. The N-glycins were 
detached from PC peptide chain by treat-
meat with peptideN-glycanase F, and the 
free glycan chains are removed by eentrif-
ugation through a 30-kDa =jocular mass 
cut-MT Micancon litter (Amami.). G. niveilis 
agglutinin (ONA), off. nigra agglutinin 
(SNA), ytri, ainurensie agglutinin (M4A), 
peanut agglutinin (RYA), and D. ammo-
nium agglutinin (BSA) have sped& af-
finity for terminal =remise, idea; acid 
linked a(2-6) to galactose, sialic acid 
linked o(2-3) to galactose, 0-glycoaid-
ic.ally linked sugar chain, and Ga1641-
.1)GloNAc in complex and hybrid N-gly-
calls, respectively. a docile agglutinin. 
treatment yielded positive signals for all 
four PCs; S. nigra agglutinin treatment 
yielded positive results for PCs from LAE, 
CAI, end 6N-BENS and only weakly re-
acted. with 82 PC. Reaction wins.. agar-
reneiii agglutinin yielded the strongest 
signal with S2 FC. S. nigra agglutinin did 
net react with peptide:N•glycanase 
F-treated PC samples. B. ammonium ag-
glutinin, yielded the weakest signal with. 
S2 PC. C, comparison of LES activation of 
SfS-BEVS PC and 62 Fe. Incubation of 10 
pug of St's -̀BETS PC and 52 PC with 50 EU 
of US was carried out at 37 "C for 1 h. 
The activation of Pe from 812-BEVS was 
readily observable (autocleavago into 80-
and 52-kDa bands). 62 PC min-oil:led in-
tact after the LPS treatment. 
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ity of secreted recombinant pretenses in as heterologous system 
is usually preferable for ease of subsequent purification and 
functional studies. Since the secretion of a protein relies not 
only on its signal peptide but also on the intrinsic amino acid 
sequence that determines the Enal tertiary structure of the 
mature protein, we examined the secretion of FC constructs 
containing different modular domains in their native and re-
ciprocal positions. 

In the middle of the FC molecule is the basic PER (amino 
acids " IQNPPVPSYGSVEIEPPSRTNSISIWGSPFLEL-
PELPLPLAFMICPPPKPR'), which contains three SIT ho-
mology 3 binding core motifs (23), RUM' (underlined; P denotes 
praline), Src homology 3 d.oniains affect protein targeting and 
enzymatic activity and play a role in signal transchaction (24). It 
is possible that the PRE of Factor C is involved in transducing 
LPS-induced activation of the settee protease enzymatic activ-
ity as well as contributing to the LPS-dependent multiactiva-
Eon of Factor C via protein-protein interaction (26). In addi-

Itiga MR2I1114(1 N•soytati.-4 
C4roplex-gIyvati...£2 tiD3 
9-g11,..viyInimr--4 MAR 

SNA MAA 

F.SFS S21 f.: 

.P.NA OSA: 

lion, the PRE of Factor C shares homology with the hinge 
region of human coagulation Factor XII (26). Hence, it is pus-
sibie that the PER acts as a crucial conformational motif nec-
essary for the secretion. and function of such sorine pretenses. 

In, this study, we constructed and expressed a pair of FCs (FL 
and FL(—PRE,)) with a view to examine the functional signifi-
cance of PEE The FL was efficiently secreted and fully capable 
of binding LPS. In contrast, the FL(--PER), which lack the 
PER, were expressed intracellnlarly and were nonfunctional. 
The expression profile of three additional Fes, SP, PRE-SP, 
and SP-PER, confirmed that PEE is essential for folding and 
secretion of the downstream SP domain, The introduction of 
PER C-terminal to ES has no observable effect on ES expres-
sion profile, suggesting that PRE only exerts its inf€uence on 
the downstream domains. Thus, PRE itself may act as an 
intramolecular chaperone for correct folding of the downstream 
SP region for its subsequent transportation through the or-
ganelle, he support of our data, it was reported that the mini-
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Folding and Secretion of a Multidonsain Serine Protease 

Pni.3. €ompariaon of the extent 
and complexity of eyeriaplation hi 62 
PC and SW'€ -REVS Fe. A, endoglyimai-
dase treatment revealed that iiif9-EFTS 
Fe has more complex N-glycans. The mo-
lecular mass shift after endoglycosidase 
H (Endo II) treatment indicates the ex-
tent of high mannose, .ffiglyean chains, 
Whereas the shift alter peretitheN-gly-
+=nese F (PNGoes F. treatment indicates 
total N-glycosylation (including both high 
mannose and complex sugar chains). The 
size difference between peptide:N-gly-
canexe P-treated PC sample and FC Ter 
(transcrii.,nMi-coupied translation) prod-
uct is attributable to o-g€ycosylatien. B, 
glycen differential assay of 52 FC and 
S1'9--.BP.V6 PC. Lane 1, PC; lane. 2, PC 
without N-glycana. The N-g€yeans were 
detached from PC peptide chain by treat-
meet with peptideaV-glycsamse F, and the 
free glycan chviea are removed by centrif-
ugation through a 30-1tDa molecular mass 
cut-off Mamma kilter (Amaral). G. mivaliv 
aggictirrM (GNA), off. nigra agglutinin 
(SNA), ameirensie agglutinin (M-4A), 
peanut agglutinin (RNA), and D. ammo-
nia:fa agglutinin (BSA) have specific af-
Rnity for terminal mannose, Malin acid 
linked on---6`) to galactose, sialic acid 
linked q(2---33 to galastese, 0-glycoaid-
ically linked sugar chain, and Ga18-(1.-
4i)GleNAc in complex and hybrid N-gily-
carts, respectively. G. nivalis agglutinin. 
treatment yielded positive sigmals for all 
four PCs; S. nutria agglutinin treatment 
yielded positive results for PCs from LAE, 
CAI, and 81E-BEVS and only weakly re-
acted with 82 PC. Reaction with.. agar-
reneis agglutinin yielded the strongest 
signal with S2 FC. S. nigra agglutinin did 
net reset with peptide:Nglyeanase 
P-treated PC samples. D. siremenhan ag-
glutinin, yielded the weakest signal with. 
52 FC. C, comparison of LES activation of 
Sf9-BEVE PC and 62 FC. Incubation of 10 
pug of St's -̀BETS PC and 52 PC with 50 EU 
of L.P.5 was carried out at 87 for 1 h. 
The activation of FC from 51.2-REVS was 

readily observable (autocleavage into 80-
and 52-kDa bands). 52 FC 1'6m-shied in-
tact after the LPS treatment. 
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ity of secreted recombinant proteases in as heterologous system 
is usually preferable for ease of subsequent purification and 
functional stmlies. Since the secretion of a protein relies not 
only on its signal peptide but also on the intrinsic amino acid 
sequence that deterraines the Enid tertiary structure of the 
mature protein, we examined the secretion of FO constructs 
containing different modular domains in their native and re-
ciprocal positions. 

In the middle of the FC molecule is the basic PRE (amino 
acids 84 IQNPPVPSYGSVEIKPPSETNSISEVGSPFLEL-
PRLPLPLA.E.AAICPPPRYE'), which contains three SIT ho-
mology 3 b€nding core motifs (23), RUM (underlined; P denotes 
praline), Rio homology 3 domains affect protein targeting and 
eneymatic activity and play a role in signal transchaction (24). It 
is possible that the PEE of Factor C is involved in transducing 
LPS-induced activation of the serine protease enzymatic activ-
ity as well as contributing to the LPS-dependent multiactiva-
tion of Factor C via protein-protein interaction (25). In addi-
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Lion, the PER of Factor C shares homology with the hinge 
region of human coagulation Factor XII (26). Hence, it is pus-
table that the P1111 acts as a crucial conformational motif nec-
essary for the secretion. and function of such serine proteases. 

In this study, we constructed and expressed a pair of FCs (FL 
and FL( —PER)) with a view to examine the functional signifi-
cance of PRE. The FL was efficiently secreted and fully capable 
of binding LPS. In contrast, the FL(--PRR), which lack the 
PER, were expressed intraicellnlarly and were nonfunctional. 
The expression profile of three additional Fes, SP, PER-SP, 
and SP-PER, confirmed that PEE is essential for folding and 
secretion of the downstream SP domain, The introduction of 
PER C-terminal to ES has no observable effect on ES expres-
sion profile, suggesting that PIER only exerts its influence on 
the downstream domains. Thus, PRE itself may act as an 
intrninolecular chaperone for correct Raiding of the downstream 
SP region fur its subsequent transportation through the or-
ganelle, In support of our data, it was reported that the 
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LPS-ELISA 

Fuca. 4. Funeticolai analysis uI FC. A, 
ligand handing assays of FC samples. 
ELISA of 10 pg each of protein samples: 
control serinia-free medium, FL, ES-PRA 
and PRII,SP partially purified through 
Sephadex C-1O0 (void fraction). Three 
concentrations of LPS (0, 0.05, and 5µg1 
ml) were used. Error bars represent the 
S,E. 0). B, a aensorgram depicting 
the interaction (in response  unite 11W)) of 
captured FL with, various concentrations 
of lipid A. ES.PRIt gave similar response 
profiles. 100 pi of five concentrations 
(5.00, 2.50, 1.25. 0.62, and 0.21 p.m) of 
lipid A. were injected. The affinity 
constants were ca.iculated using the 
Baevaluation program version 1.0.2 
and reconfirmed. using CLAMP (21). 
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mal portion of secreted Factor XII, which is also a nuiltidornain 
serine protease shriller to FC, also contains PRR (27). 

The dillifrential susceptibility to trypsin clearly demonstrates 
the importance of Hilt in the correct folding of the downstream 
SP region and in directing the secretion of glyossylated FC (Fig. 

Trypain acts preferentially at the enfolded regions in pro-
teins, such as the domain boundaries of a mosaic protein. It is 
worth noting that on the basis of sequence specificity alone, there 
are close to 100 and 50 potential trypsin cleavage sites for FL and 
PER-SP, respectively. However, only three or four characteristic 
bands, representing two sets of relatively protease-resistant frag-
ments, were detected a€ter partial tryptic digestion. Therefore, 
the stable fragments are attributable to the compactly folded 
individual domains. The 38-kDa stable fragment observed after 
digestion of both FL and PEE-SP could be the properly folded SP 
domain, On the contrary, PEE-deficient mutants, FL( —P.M.) and 
SP, failed to give rise to characteristic patterns of stable products, 
suggesting that they are incorrectly folded and are more suscep-
tible to proteolytic digestion. 

The crystal structure of a catalytic fragment from human 
Cia, which shares high similarity to Factor C modular archi-

tecture, has been determined (28). The CCP2 module (sushi 
domain) of Cls is oriented perpendicularly to the surface of the 
SP domain, and the connection is maintained through a rigid 
module-domain interface involving intertwined proline- and
tyrosine-rich prilypeptide segments (28). Since the residues 
maintaining the interface framework are highly conserved in. 
the sushi-SP family, it is believed that the rigid sushi-SP as-
sembly is also present in Factor C (29). Consistent with the role 
of a module-domain interface, our data show that the absence 
of PER changes the sushi-SP assembly, resulting in miefolding 
of the deletion homologues, rendering them nonsecretory. 

Many other studies have documented the importance of PER 
to the biological functions of different proteins, and that its 
removal adversely affects the localization and activity of such 
proteins (30-32). Thus, rather than being restricted to a small 
subset of serine proteases, the PER could he a universal con-
formational motif that regulates protein targeting. 

N-Glycons Contr€bull to tin ?Inter  with Chaperones and 
Solubility of the Recombinant Proteins—Whereas the data 
above clearly demonstrate that PER is an important secretory 
determinant of FC, PRR also exerts a preferential effect on the 
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LPS-ELISA 

Fun. 4. Functional analysis of FC. A, 
ligend binding assays of PC samples. 
ELISA of 10 sag each of protein samples: 
control serum-free medium, FL, ES-PRE, 
and PRII.SP partially purified through 
Sephadex 0-100 (void fraction). Three 
concentrations of LPS (0, 0.05, and 5 pgi 
nal) were used. Error bars represent the 
SI% (a 0). B, a sensorgram depicting 
the interaction (in response suits (RV)) of 
captured FL with, various conventrations 
of lipid A. ES.PER gave similar response 
profiles. 100 pi of five concentrations 
(5.00. 2.50, 1.25. 0.62, and 0.21 pa) of 
lipid A sore injected. The affinity 
constants were calculated using the 
Baevaluatien program version 1.0.2 
and reconfirmed using CLAMP 121). 
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real portion of secreted Factor XII, which is also a sitiltidomain 
serine protease similar to FC, also contains PRE (27). 

The delbrential susceptibility to trypsin clearly demonstrates 
the importance of PER in the correct folding of the downstream 
SP region and in directing the secretion of glycosylated FC (Fig. 
IB). Trypsin acts preferentially at the unfolded regions in pro-
teins, such as the domain boundaries of a mosaic protein. It is 
worth noting that on the basis of sequence specificity alone, them 
are close to 100 and 50 potential trypsM cleavage sites for FL and 
PRESF, respectively. However, only three or four characteristic 
bands, representing two sets of relatively protease-resistant £rag-
mauls, we detected a€ter partial tr5ptic digestion. Therefore, 
the stable fragments are attributable to the compactly folded 
individual domains. The 38-kDa stable fragment observed after 
digestion of both. FL and PBB-SP could be the properly folded SP 
domain, On the contrary, PEE-deficient mutants, FL( —P.RE) and 
SP, failed to give rise to characteristic patterns of stable products, 
suggestine that they are incorrectly folded and are snore aueoep-
tibia to proteolytic digestion. 

The crystal structure of a catalytic fragment from human 
Cis, which shares high similarity to Factor C modular archi-

tecture, has been determined (28). The CCP2 module (sushi 
domain) of Cis is oriented perpendicularly to the surface of the 
SP domain, and the connection is maintained through a rigid 
module-domain interface involving intertwined proline cell -
tyrosine-rich pcilypepticle segments (28). Since the residues 
maintaining the interface framework are highly conserved in. 
the sushi-SP family, it is believed that the rigid sushi-SP as-
sembly is also present in Factor. C (29). Consistent with the role 
of a module-domain interface, our data show that the absence 
of PER changes the sushi-SP assembly, resulting in misfolding 
of the deletion homologues, rendering them nonsecretory. 

Many other studies have documented the importance of PER 
to the biological functions of different proteins, and that its 
removal adversely affects the localization and activity of such 
proteins (30-32). Thus, rather than being restricted to a small 
subset of serine pretenses, the PER could he a universal con-
formational motif that regulates protein targeting. 

N-Glycatis Contribute to the Interaction with Chaperones and 
Solubility of the Recombinant Prateins—Whereas the data 
above clearly demonstrate that PER is an important secretory 
determinant of FC, PER also exerts a preferential effect on the 
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Fm. 5. An illastretion of PRE and N.glyeanii involved in seem-
don Of FC. Gray string, cysteinewich region; orange siring, epidermic! 
growth factor-like domain; green string, sushi-like domains; black air-
cis; biotin-like domain; red string, proline-rieb region; bite coal, SieritiO 

proW.MCI native conformer; blue string, miefliisW. serine protease; block 
oval, N-glyean; round gray shapes, proteins involved in folding, assem-
bly, and secretion (e.g. chaperones, foldasee, signal peptidase, and gly-
cosidase). The hypothesis was confirmed by (a) the removal of PRR from 
Ft, which completely switches its expression profile and protein con-
formation and recientircas PRit to be an im£snrtant secretory determi-
nant for glycosylated FC; (b) mutation of N-glywaa sites that impaired 
the secretion competency of FC; and (c) co-expressed chaperone (e.g. 
sallies:in), which associates with glycosylated FL protein and assists the 
reversa€ &this impairment to a certain extent, to enhance its solubility 
arid secretion. Thus, Whereas PM is crucial for correctly directing 
folding and secretion of the downstream glyeoaylated SP domain, chap-
erones and foldecas also play a role in enhancing protein folding, to 
ensure that the modular arrangement of the glycosylated protein is 
properly fbided to nwesin soluble or targeted for secretion and to exhibit 
full functionality. 

serine protease domain, SF, end not on the LPS-binding ES 
domain. A distinctive characteristic is that ES does not harbor 
any N-glycosylation sites. Using specific glycosylation inhibi-
tors and site-directed mutagenesis, we demonstrate that inhi-
bition of glycosylation blocked the secretion of FL. The aglyoo-
sylated FL became intracellularly localised although their 
corresponding PER was present, thus indicating that N-glyco-
sylatiox-1 is also critical for PER-dependent secretion (Fig. 5), 
The importance of W-glycaus for the secretion of FC was reca-
pitulated using site-directed mutagenesis of the N-glycosyla-
tion sites. interestingly, the ablation of the three N-glycan sites 
at the terminus at positions Asn', &la'', and Aso"' 
completely abolished secretion. Coincidentally, these three 
sites reside downstream of PER at or near the SP domain, The 
partial dependence of FC secretion on N-linked oligoeacchmide 
appendices suggests that the individual N-glycans do not have 
local effects on protein folding. However, when, the N-glycosy-
lotion sites at positions 7411, 767, and 912 are modified at the 
same time, folding and secretion of PC are compromised al-
though none of the glycana are needed individually. in view of 
this observation, the oligosacchsoides of FC seem to have a 
global effect on the folding/aeration process. 

These data suggest that correct folding of the SP domain is 
the most critical for secretion of PC; the absence of PER pre-
ceding this domain or the absence of N-glycans within this 
domain leads to misfolding, which impairs PC secretion. 

The mechanism by which N-glyeans aid in FC secretion is 

attributable to its ability to interact with chaperones. Overex-
pression of chaperones has been proven to improve protein 

g and stimulate secretion of certain target proteins (34--

37). In this study, the secretion of FL and solubility of the 
cellular glycosylated Fes (FL( —PER) and SF) were greatly 
enhanced. by the presence of cCNX, Specific interaction be-
tween certain structures ofN-glycans and calnexin was further 
confirmed by a glycosylation inhibition study. Thus, it is evi-
dent that the N-glycsin,s of FC function through interaction 
with molecular chaperones to aid in protein folding and subse-
quent secretion. On the other hand, co-expressed chaperones 
did not overcome the nonsecretory problem of FL( --PER) and 
SP, suggesting that their intracellular localization was deter-
mined by their conformation and not the lack of certain molec-
ular chaperones in the host cell secretion pathway. 

Functional FC should display both LPS binding activity and 
LPS-activated enzymatic activity. However, these two proper-
ties were uncoupled in 82-produced FC, S2 FC binds LPS, but 
it is not cleaved and not enzymatically activated. This is in 
contrast to S13-REVS FC, which we demonstrated previously to 
harbor both functions (22). Further analyses reveal that the 
loss/gain of enzymatic activity stems from subtle differences in 
the complexity of glycosylation of FC. in agreement with our 
results, over the last decade, various reports (38.-41) have 
described that viral infection of SIP cells temporally effects 
protein glycosylation the activation of glycosyltzansferase 
genes takes place under proper conditions, depending on the 
virus type, promoter, and medium). Normal glycosylation char-
acteristics of insect cells were thus altered to allow complex 
type oligusacc.haride processing to occur. Thus, during baculo-
viral infection of Sf9 cells for expression of FO, the viral inflic-
tion process affects the glycosylation of PC, consequently al-
lowing its conformational change upon LPS binding, leading to 
limited proteolysis and activation of the serine protease en-
zyme. In contrast, being tionvirally infected, the 82 PC bears 
differently processed glycans, especially those at/near the cat-
alytic domain. Thus, clue to the nonnative branching of the 
adjacent N-glycans, the 82 FC is riot proteolytically cleaved, 
although it possesses LPS binding properties. This is despite 
the correct overall protein folding and successful passage of the 
S2 FC through the quality control of the ER and Golgi, which 
allows its successful. secretion. However, since PC is such a 
demanding glycoprotein, retaining the LPS -binding activity in 
these secreted FCs does not satisfy the requirement for their 
conformational change induced by LPS binding to yield enzy-
matic activity. This reveals another surprising impact of N-
&cans on PC functions. Although differences in recombinant 
protein localization (42) and N-glycosylation heterogeneity (43) 
have been reported in these two insect cell expression systems, 
FO from these two hosts is so far the first recombinant protein 
to exhibit such marked functional difference. Future under-
standing and manipulations in the post-translational process-
ing pathway with exoglycosidaseiglycotransfera.ses could pos-
sibly resolve this problem faced by FC as well as other serine 
proteases. 

in summary, we confirm that PER of a serine protease is 

essential fur the folding and secretion of the downstream cat-
alytic domain. These results suggest that the PER serves a 

simple hut essential role in tethering the structurally distinct 
but interacting domains of the protein. In addition, the secre-
tion ability of FCs was impaired in the absence of N-glyeans, 
especially those residing at or near the catalytic domain, We 
also report for the first time that co-expression of chaperones 
significantly increases the soluble and secreted recombinant 
protein level in 82 cells but has no appreciable effect on the 
localization of the protein, These results help to elucidate the 
function of different structural domains of Factor C and how 
the intrinsic properties of various dom:4ins of such a mosaic 
protein influence its destination (illustrated in Fig. 6). This 
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FIG. 5. An illustration of PRE and N.glycana involved in secre-
tion o€ FC. Gray string, cysteinewich region; orange siring, epidermal 
growth factor-like domain; green string, sushi-like domains; black cir, 
de; led-in-like domain; red string, prolins-rich region; bins oval, Sierins 
pro teaSe native conformer; ?this string, misitilded. amine protease; black 
oval, far-glycan; round gray shapes, proteins involved in folding, assem-
bly, and secretion (e.g. chaperones, foldases, signal peptidase, and gly-
eosidase). The hypothesis was confirmed by (a) the removal of PRE from 
Ft, which completely switches its expression profile and protein con-
formation and reciontlims FRS to be an im£sortant secretory determi-
nant for glycosylated FC; (b) mutation of N-glyettla sites that impaired 
the secretion oempetency of FC; and (c) co-expressed chaperone (e.g. 
calaexin), which associates with glycosylated FL protein and assists the 
reversa€ &this impairment ten a certain extent, to enhance its solubility 
arid secretion. Thus, Whereas PM is crucial iltr correctly directing 
folding and secretion of the downstream glyrosylated £iP domain, chap-
erones and foidsces also play a role in enhancing protein folding, to 
ensure that the modular arrangement of the glycosylated protein is 
properly fbided to nunain soluble or targeted 5w secretion end to exhibit 
full functionality. 

Bernie protease domain, SP, and not on the LPS-binding ES 
domain. A distinctive characteristic is that ES does not harbor 
any eve-glycosylation sites. Using specific glycosylation inhibi-
tors and site-directed mutagenesis, we demonstrate that inhi-
bition of glycosylation blocked the secretion of FL. The aglyoti-
sylated FL became intracellularly localired although their 
corresponding PER was present, thus indicating that N-glyeo-
sylation is also critical for PER-dependent secretion (Fig. 5). 
The importance of N-glycians for the secretion of FC was reca-
pitulated using site-directed mutagenesis of the N-glycosyla-
tion sites. interestingly, the ablation of the three N-glycan sites 
at the C terminus at positions Asn', &la'', and Alm"' 
completely abolished secretion. Coincidentally, these three 
sites reside downstream of PEE at or near the SP domain, The 
partial dependence of FC secretion on N-linked oligoeaccharide 
appendices suggests that the individual N-glycans do not have 
local effects on protein folding. However, when, the N-glycosy-
lation sites at positions 7411, 767, and 912 are modified at the 
same time, folding and secretion of PC are compromised al-
though none of the glycans are needed individually. in view of 
this observation, the oligosacchsaides of PC seem to have a 
global effect on the folding/seration process. 

These data sugge€t that correct folding of the SP domain is 
the most critical for secretion of PC; the absence of PEE pre-
ceding this domain or the absence of N-glycans within this 
domain leads to misfolding, which impairs PC secretion. 

The mechanism by which N-glyeans aid in PC secretion is 
attributable to its ability to interact with chaperones. Olverex-
pre€anon of chaperones has been proven to improve protein 
foftli g and stimulate secretion of certain target proteins (34--

37). In this study, the secretion of FL and solubility of the 
cellular glycosylated Fes (PLC—PER) and SP) were greatly 
enhanced by the presence of cCNX. Specific interaction be-
tween certain structures ofN-glycans and cahiexin was further 
confirmed by a glycosylation inhibition study. Thus, it is evi-
dent that the N-glycans of FC function through interaction 
with molecular chaperone€ to aid in protein folding and subse-
quent secretion. On the other hand, co-expressed chaperones 
did not overcome the noneecretory problem of FL( --PER) and 
SP, suggesting that their intracellular localization was deter-
mined by their conformation and not the lack of certain molec-
ular chaperones in the host cell secretion pathway. 

Functional PC should display both LPS binding activity and 
LPS-activated enzymatic activity. However, these two propoz-
ties were uncoupled in 82-produced PC. S2 FC binds LPS, but 
it is not cleaved and not enaymatically activated. This is in 
contrast to SP9 •BE VS PC, which we demonstrated previously to 
harbor both function€ (22). Further annaly€es reveal that the 
loss/gain of enzymatic activity stems from subtle differences in 
the complexity of glycosylation of PC. in agreement with our 
results, ever the last decade, various reports (38-41) have 
described that viral infection of SIP cells temporally effects 
protein glycosylation the activation of glycosyltransferase 
genes takes place under proper conditions, depending on the 
virus type, promoter, and medium). Normal glycosylation ch.ar-
acter€stics of insect cells were thus altered to allow complex 
type oligusacc.haride processing to occur. Thus, during baculo-
viral infection of Sf9 cells for expression of PC„ the viral infec-
tion process affects the glycosylation of PC, consequently al-
lowing its conformational change upon LPS binding, leading to 
limited proteolysis and activation of the serine protease en-
zyme. In contrast, being tionvirally infected, the 82 PC bears 
differently processed glycans, especially those at/near the cat-
alytic domain. Thus, due to the nonnative branching of the 
adjacent .N-glycans, the 82 PC is not proteolytically cleaved, 
although it possesses LPS binding properties. This is despite 
the correct overall protein folding and successful passage of the 
S2 FC through the quality control of the ER and Golgi, which 
allows its successful secretion. However, since PC is such a 
demanding glycoproteixt, retaining the LPS binding activity in 
these secreted Fes does not satisfy the requirement for their 
conformational change induced by 128 binding to yield enzy-
matic activity. This reveals another surprising impact of N-
glycans on PC functions. Although differences in recombinant 
protein localization (42) and N-glycosylation heterogeneity (43) 
have been reported in these two insect cell expression systems, 
FC from these two hosts is so far the first recombinant protein 
to exhibit such marked functional difference. Future under-
standing and manipulations in the post-translational process-
ing pathway with exoglycosidaseiglycotransfera.ses could pos-
sibly resolve this problem faced by FC as well as other cerise 
protesses. 

hi summary, we confirm that PER of a serine protease 
essential for the folding and secretion of the downstream cat-
alytic domain. These results suggest that the PRE serves a 
simple but essential role in tethering the structurally distinct 
but interacting domains of the protein. In addition, the secre-
tion ability of FCs was impaired in the absence of N-glyeans, 
especially those residing at or near the catalytic domain, We 
also report for the first time that co-expression of chaperones 
significantly increases the soluble and secreted recombinant 
protein level in S2 cells but has no appreciable effect on the 
localization of the protein, These results help to elucidate the 
function of different structural domains of Factor C and how 
the intrinsic properties of various domains of such a mosaic 
protein influence its destination (illustrated in Fig. 6). This 
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general concept of the modular arrangement may be applicable 
to other members of the roultidom M' ut protein family, such as 
blood coagulation Factor XII, in particular the influence of 
domain interactions on their cel€ sorting, secretion, and 
them, Finaun PEE is therefore a potential universal conforma-
tional domain that regu€ates protein folding and secretion, and 
it is probably applicable as domain, fusion junctions for engi-
neered chimeric multiclomain proteins expressed in eukaryctic 
expression systems, 
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general concept of the modular arrangement may be applicable 
to other members of the raultidom is'n protein family, such as 
blood coagulation Factor XII, in particular the influence of 
domain interactions on their cel€ sorting, secretion, and func-
tion„ Finally, PEE is therefore a potential universal conforma-
tional domain that regulates protein folding and secretion, and 
it is probably applicable as domain fusion junctions for engi-
neered chimeric multidemain proteins expressed in eukaryetic 
expression systems, 
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